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Structural forms of cubic BC,N
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Superhard cubic boron-carbonitrides-BC,N) are studied with the use of theb initio pseudopotential
density functional method. The total energy, lattice constant, bulk and shear moduli, and electronic band
structures as well as the electron density of states are calculated for all the posBiBj&l structures in an
eight-atom zinc-blende-structured cubic unit cell. The results obtained provide a plausible explanation for
recent experimental observations as well as a possible path to synthesis of the materials.
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[. INTRODUCTION Several first-principles studies on the structure of the
c-BCN compounds have been reported.To reduce the
Searching for new superhard materials with better perfornumber of different test structures, models with lower energy
mance properties under extreme conditions, such as higire constructed by avoiding B-B and N-N bonds and sepa-
pressure and temperature, is an important experimental aff@ting the BN layer from the carbon layer in the unit cell.
theoretical research field. Similarities between diamond andhis results in only a few of the possible structures of the
cubic boron nitride ¢-BN), such as their closely matched ¢-BCN compounds being studied. As mentioned above, ex-
lattices, high melting temperatures, large bulk moduli, highP€rimental results seem to indicate the possibility of produc-
thermal coefficients, and similar thermal-expansion coeffiiNd different structures of the-BCN compounds. It is in-
cients, motivate the expectation that zinc-blende-structureft'uctive to compare the total energy differeriper atom
cubic boron-carbonitride :BCN) compounds may form etween “all” the possible structures within the_thermal en-
new superhard and superabrasive materials. ergykgT (T~2000-3000 K) during the synthesis processes.

Recently, several successful synthesescdCN com- Despite the ldiversity which appears in th_e experimentglly
pounds ha\}e been reported in the literature. Na 1 obtained lattice constants and bulk moduli, the synthesized

reported the direct transformation under high pressiré ¢-BC,N all show a very weak or the absence of 1082

. .. X-ray diffraction line. Two possible structures ©BC,N are
GP3 and high temperature{2000-2400 K) from graphitic = o gistent with the absence of @02 x-ray diffraction

BC:N (g-BC;N) to ¢-BCN compounds, which tend t0 S€g- |ines: one possibility is that B, C, and N atoms are randomly
regate into diamond anctBN-like structures at higher tem-  gistributed over the zinc-blende-structure lattice, and the
perature. Knittleet al” prepared ac-BC,N (x=0.9-3.0)  other is that B and N atoms distribute randomly over one fcc
solid solution using even higher static press(#@ GPaand  sublattice, with C atoms on the other. It is interesting to
laser heating {2000-2500 K), starting from either the mi- know which structure is more likely to appear in the synthe-
crocrystalline BCN, or the mechanical mixture of graphitic sis process.

carbon and boron nitride. The-BCN solid solution was In this paper,ab initio pseudopotential local-density-
found to have a bulk modulu855 GPa slightly lower than  functional(LDA) calculations are carried out for tlleBC,N

that of c-BN, with a lattice constant 0.3% larger than that which has been most frequently prepared in the experiments.
predicted based on the ideal mixing of diamond &@N.  All possible structures in an eight-atom zinc-blende-
Komatsu et al® attempted to synthesis-BC, N from structured cubic unit cell are studied. Fortunately, out of 420
g-BC, N using shock-wave compression and obtained alifferent configurations only seven are topologically differ-
higher bulk modulug401 GPg, with a lattice constant 0.5% ent, due to the high symmetry of the zinc-blende-structured
larger than that predicted based on ideal mixing. Very redattice, which makes our study possible. The calculated total
cently, Solozhenket al’ synthesizea-BC,N from g-BC,N energy, structural parameters, bulk and shear moduli, and
using high pressuré5.8 GPa and laser heating. When the electronic band structures as well as electron density of states
temperature is higher than 2200 K, they claimed to obtain @hould aid in understanding and analyzing the experimental
c-BC,N structure with a low bulk modulu®82 GPa, large  results obtained and give estimations of the potential of
lattice constant (1.4% larger than that of ideal miximgd  c-BC,N as a superhard material.

very high hardness. The Vickef&noop hardness of the
c-BC,N obtained is 76 GP&5 GPa compared with those

of 115 GPa(63 GPa for diamond and 62 GP&5 GPa for
c-BN. The diverse experimental results mentioned above
may result from the fact that the BCN compounds synthe- The total energy o€-BC,N is computed as a function of
sized in these experiments belong to different metastablstrain using the LDA pseudopotential total-energy scheme
structures of the material. with a plane-wave basis s&t! The energy of the structures

IIl. METHOD OF CALCULATION AND STRUCTURAL
MODEL
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TABLE |. Comparison with experiments.

Structure Diamond c-BN

Lattice constant

ag (A) This work 3.539 3.594
Expt. 3.567 3.617

Bulk moduli

B, (GPa) This work 457.4 393.2
Expt. 443 368

Shear moduli

C4s (GPa) This work 599.4 471.7
Expt. 576 48(¢f

(C1-C10)/2 (GPa) This work 468.5 310.5
Expt. 47% 315

Total energy
—E(eV/atom) This work 155.501 175.673

%Reference 13.
bReference 2.

‘Reference 14.
dreference 15.

is minimized by relaxing the structural parameters using a
quasi-Newton methotf Comparison of the calculated and
measured results for diamond acxdBN are listed in Table I.
The agreement is satisfactory, with errors of less than 1% in
the lattice constant and 5% in bulk and shear moduli.

The bulk moduli of thec-BC,N structures are obtained by
calculating the total energy of each structure as a function of ) ) )
the volume of its unit cell. The structure is fully relaxed at  F'G- 1. All the possible topologically different-BC,N struc-
each volume and then the results are fit to the Birch_tures(after structural relaxationstarting from an eight-atom zinc-
Murnaghan equation of state. The average shear moduli &Jende-structured unit cell. The dotted bonds indicate the broken
the c-BC,N structures are obtained by calculating thecovalem bonds between N atoms.
stresses of the-BC,N structures when small strains are ap- ) ) ] ) )
plied to each relaxed structure. As the relaxeBC,N struc- ~ 8'/(2!)?4!=420 possible configuration structures in the
tures are slightly deformed from cubic, we define the follow-€ight-atom zinc-blende-structured cubic BCunit cell.
ing average shear moduli:

= Ill. RESULTS AND DISCUSSION
Ca= %(ny,xy+ Cyz,yz+ sz,zx)v

The calculated structures of the seveBC,N shown in
Ci1—Cypo= %[(Cxx,xx+ Cyy.yyt Cz222 Fig. 1 are listed in Table Il together with the calculated total
—(c +Covsrt Cors)] 1) energyE, the average lattice constareelefined as the cubic
Yy S Eyy.zz s mznoUd root of the volume of the unit cell, the bulk modulBg, the
In Fig. 1, we show all possible topologically different average shear modull,4 and (C1;,—Cy5)/2, and the number
structures (after structural relaxationfor c-BC,N in an  and length of different bonds in the unit cell, as well as the
eight-atom unit cell. The initial structures are cubic zincnumber of topologically equivalent configurations of each
blende. The structures are numbered according to the irstructure. The available experimental results are also given in
creasing numbers of B-B and N-N bonds in the structures’able Il for comparison. o
Struc-1 is constructed by avoiding B-B and N-N bonds, and Among the seven structures studied in Fig. 1, struc-1 and
separating the BN layers from C layers. Similarly, struc-2 isStruc-2 have the lowest energies. But all th&C,N struc-
also B-B and N-N bonds free, but with B, N, and C atomstures have positive formation energy, definedgas- Egc,n
mixed in the same layers. In struc-3, B and N atoms occupy- (Egiamonda™ Ec—gn)/2, Which indicates that-BC,N struc-
one fcc sublattice, while C atoms occupy another. Struc-4ures are metastable structures and tend to separate into dia-
and struc-5 have one B-B bond and one N-N bond, respeanond ancc-BN phase structures. Struc-1 was expected to be
tively. And struc-6 and struc-7 both have B-B and N-Na low-energy structure in several previows initio
bonds. The number of topologically equivalent configura-calculations’® because of the separation of the BN and C
tions corresponding to each structure in Fig. 1 are listed idayers and the lack of N-N and B-B bonds in the structure.
the last row in Table Il, which sums up to the total of Our results show that N-N and B-B bonds do increase the
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TABLE Il. Structural parameters far-BC,N.
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Structure 1 2 3 4 5 6 7 Expt.

a(A) 3.570 3.568 3.584 3.592 3.643 3.655 3.591
b(A) 3.609 3.564 3.634 3.597 3.689 3.655 3.591
c(A) 3.570 3.613 3.584 3.592 3.643 3.665 3.591
a(®) 89.50 90.00 90.00 89.82 87.27 87.10 78.37
B(°) 90.00 90.00 90.00 90.38 93.06 87.10 101.6
v(°) 90.00 90.00 90.00 90.18 92.73 87.11 90.19
a (A) 3.583 3.582 3.601 3.594 3.654 3.654 3.715 33¥®642
E(eV/atom) —165.09 —165.08 —164.64 —164.75 —164.82 —164.72 —164.96
B, (GPa) 399.7 400.1 369.9 379.6 2915 295.9 309.7 3582
644 (GPa) 484.2 493.0 456.3 454.9 392.1 385.5 315.3
(C11—C1p/2 (GPa) 352.4 314.3 366.3 367.7 257.9 254.7 257.4
No. C-C bond 4 4 0 3 3 4 4
No. B-N bond 4 4 0 2 2 2 2
No. C-N bond 4 4 8 6 4 4 4
No. C-B bond 4 4 8 4 6 4 4
No. B-B bond 0 0 0 1 0 1 1
No. N-N bond 0 0 0 0 1 1 1
C-C length (A) 1.514 1.526 1.514 1.558 1.559 1.553

1.575 1.650 1.594 1.576

1.651

B-N length (A) 1.562 1.575 1.562 1.464 1.466 1.414
C-N length (A) 1.555 1.540 1.551 1.555 1.420 1.425 1.451

1.562 1.431 1.435
C-B length (A) 1.575 1.563 1.567 1.514 1.584 1.582 1.581

1.575 1.606 1.710

1.732

B-B length (A) 1.575 1.639 2.720
N-N length (A) 2.196 2.202 2.969
No. equiv. conf. 24 48 12 96 96 96 48

%Reference 2.
bReference 4.

total energy of thee-BC,N structures, but the mixing of B, The N-N and B-B pairs in struc-6 behave similarly as those
N, and C atoms does not necessarily increase the total ef? struc-4 and struc-5, with the former repelling each other to
ergy. The energy of struc-2 is almost as low as struc-1. Théreak the covalent bor(the dotted bond in Fig.)1while the
results listed in Table Il are consistent with previalsinitio latter remains covalent. The volunger 5) of the unit cell
calculations for struc-12 but contradictory to a recent den- and the bulk and shear moduli of struc-6 are almost exactly
sity functional based tight-binding calculatfSnwhich pre-  the same as those of struc-5. Struc-7 is distorted greatly from
dicted a lower energyand negative formation energyor its original structure after structural relaxation. As the N-N
struc-3 than that of struc-1. Our results show that struc-3 hasnd B-B pairs are parallel to each other, both expand and
the highest total energy among the seven structures in Fig. break their covalent bonds, giving rise to a structure where
even though it has no B-B or N-N bonds. all C atoms haves p® bonds, while N and B atoms hagg?

It is interesting to compare struc-4 and struc-5 in Fig. 1,bonds. Struc-7 has the largest volume for the unit cell and a
which have, respectively, a B-B bond and an N-N bond bejower energy compared to those of struc-3—6. However, the
fore the structural relaxation. After relaxation, the length ofrelaxed structure of struc-7 is far from the cubic structure.
the N-N pair in struc-5 becomes 2.1957 A, much longer than |t is well known that the LDA systematically predicts
that (1.5745 A) of the B-B pair in struc-4. The covalent somewhat smaller lattice constants than are found experi-
bond between the N-N paiindicated as the dotted bond in mentally (see Table)L Taking this into account, we believe
Fig. 1) has been broken, which increases the volyorea) that the most probable structure of #8C,N solid solution
of the unit cell and decreases the bulk and shear moduli gfrepared by Knittleet al? is struc-1 or struc-2, or a mixture
struc-5. Struc-4 retains a covalent B-B bond, and thus has af both. The lower bulk modulus observed in the experiment
high bulk and shear modulus, although the B-B bond in-compared to our calculated resulsge Table If can also be
creases its total energy just as the N-N bond does in struc-partly attributed to the fact that LDA calculations give
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FIG. 2. The total electronic density of states of the seven

¢-BC,N structures in Fig. 1.
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experiment. This discrepancy may be due to the incomplete
transformation 0f§-BC,N to c-BC,N in the experiment, in-
dicated by the presence of a we@k?2) x-ray diffraction line

of the samplé, which is the strongest diffraction line of the
g-BC,N. The layer structured-BC,N gives rise to a low
bulk modulus. The calculated bulk and shear moduli in Table
Il suggest that struc-1 and struc-2 are the hardest structures
among the seven structures shown in Fig. 1.

Very recently, a low-densitg-BC,N structure was syn-
thesized by Solozhenket al* which has a large lattice con-
stant @p=3.642 A) and low bulk modulusB,=282 GPa).
The sample appears to exhibit extreme hardness, slightly less
than that of diamond. Based on the fact that (d@2) x-ray
diffraction line of the sample is absent, it was suggested by
the authors that the structure of this low-densitC,N is
either a zinc-blende-structured lattice with B, C, and N atoms
randomly distributed on the lattice or with B and N atoms
distributed randomly on one fcc sublattice and C atoms on
the other. Our resultSTable 1) show that the latter structure
(struc-3 has a smaller lattice constant than measured and
much too high a bulk modulus compared with the experi-
mental results, while struc-5 and struc-6 have lattice con-
stants and bulk modulus close to the experimental results.
We believe that a possible structure of the low-density
c-BC,N synthesized by Solozhenlet al? is a (deformed
zinc-blende-structured lattice where B, C, and N atoms are
randomly distributed with significant N atoms forming N-N
pairs, as in struc-5 and struc-6 in Fig. 1. The N atoms in the
N-N pair repel each other to break the covalent bond, which

smaller lattice constants. Since the bulk moduli of the tetraresults in a large lattice constant and low bulk modulus of
hedrally bounded materials are well described by the empirithjs low-densityc-BC,N phase. Our calculated results also

cal formuld’ Byocd”?ca’?

whered is the bond length, a 1%

reduction ina will give about a 4% increase iBy. So the
estimated bulk moduli of struc-1 and struc-2 are about 38@hat this low-densityc-BC,N structure is harder thacrBN,
GPa, which is still slightly higher than that observed in theas predicted by Solozhenlet al* Also, it appears that the

show that struc-5 and struc-6 have both lower bulk and shear
moduli comparing with those af-BN. It seems questionable

FIG. 3. Thes (solid lines and

states of atoms ifa) struc-5 and

i p (dashed lineslocal density of
|
' (b) struc-6 shown in Fig. 1.
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FIG. 5. Definition of thek points in the reciprocal lattice used in
the calculation of the energy band structures in Fig. 4.

haps, it is not by accident that each synthesizeBC,N
structure reported in the literature corresponds to two closely
resembled structures in Table(Btruc-1,2 and struc-5)6

In Fig. 2, we plot the electronic density of states for the
sevenc-BC,N structures shown in Fig. 1, where the top
valence band is set &=0. The calculated energy gaps of
struc-1 and struc-2 are about 2 eV. As the LDA tends to
underestimate the energy gap by 65-75 % deBN and
diamond, an energy gap of 3 eV is estimated fordteC,N
synthesized by Knittlet al? Zero-energy gaps are predicted
for struc-5 and struc-6. In Fig. 3, we plot tlsgthe dashed
lines) andp (the solid lineg local density of states of each
atom in the unit cell in struc-$Fig. 3(a)] and struc-gFig.
3(b)]. It is obvious that the lowest conduction bands come
mainly from thep states of the N atoms in struc-5 and
struc-6. As the LDA does not give correct energy gaps, es-
pecially for narrow-gap structures, we are not sure if struc-5
and struc-6 are metals or semiconductors. However, even if
they are semiconductors, their band gaps will be much
smaller than those of struc-1 and struc-2. This suggests that
electronic and optical measurements can be used to help
identify our analysis of the structural forms ofBC,N.

The electronic band structures of theBC,N structures
are plotted in Fig. 4 for(a) struc-1, (b) struc-5, and(c)
struc-7. The band structures of struc-2—4 are similar to that
of struc-1, and the band structure of struc-6 is similar to that
of struc-5. Thek points labeled on the horizontal axes in Fig.
4 are defined in Fig. 5. The energy bands are calculated along
the straight lines between any of the two neighboring
points. As the relaxed structures@BC,N in Fig. 1 are not
exactly cubic, energy bands are calculated between as many
k points as possible. Within the LDA, struc-1-4 are semi-
conductors with direct band gaps of 1.9, 2.1, 1.9, and 0.9 eV,
respectively. Struc-5,6 are predicated by the LDA as semi-
metals. Struc-7 is semiconducting with an indirect band gap

sample used by Solozhenk al* to measure the hardness of 2.1 eV. Similar metallic electronic band structures were
was synthesized in a very different manner from the one thalso predicted by the LDA for songBC,N structures® As

they used to synthesis the low-densityBC,N to measure

we commented on before, this prediction using the LDA is

the lattice constant and bulk modulus. The energy differenc@ot 100% reliable, especially when the conduction and va-
between struc-1 and struc-5 is 266 meV/atom, which is aboutnce bands overlap only slightly as in Figb% More so-
the same order of magnitude as the thermal energy, 172 mephisticated methods, such as thb initio pseudopotential

(T=2000 K) at which or above which the BC,N samples

GW approach? need to be applied to determine whether

were synthesized. Most of the structures in Fig. 1 can behese structures are metals or semiconductors with narrow
created under high pressure and at high temperatures. Péyand gaps.
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IV. CONCLUSION structures compared to tleBC,N structure synthesized by
Knittle et al? Further electronic and optical measurements

The structural form ofc-BC,N is studied with theab o
2 are encouraged to aid in the analyses of ¢HBC,N struc-

initio pseudopotential density functional method for all the
possiblec-BC,N structures starting from an eight-atom zinc- Ur€S
blende-structured cubic unit cell. TlreBC,N structures are
expected to be metastable. The hardest structuresB&@,N

studied have bulk and shear moduli comparable to or slightly This work was supported by National Science Foundation
higher than those of-BN, which we believe is similar to  Grant No. DMR-0087088, by the Director, Office of Energy
c-BC,N synthesized by Knittleet al> A (deformed zinc-  Research, Office of Basic Energy Sciences, Materials Sci-
blende-structured lattice where B, C, and N atoms are ranences Division of the U.S. Department of Energy, and by the
domly distributed with significant N atoms forming N-N Laboratory Directed Research and Development Program of
pairs is suggested as a possible structure for the low-densityawrence Berkeley National Laboratory under the U.S. De-
c-BC,N phase synthesized very recently by Solozhenkgartment of Energy. Computational resources have been pro-
et al* The broken covalent bond in the N-N pair is respon-vided by the National Science Foundation at the National
sible for the low bulk modulus and large lattice constant forCenter for Supercomputing Applications and by the National
this c-BC;N phase as observed in the experiment. ContradicEnergy Research Scientific Computing Center. All Depart-
tory to the experimental prediction that the hardness of thignent of Energy support was under Contract No. DE-ACO03-
c-BC,N structure is only slightly below diamond, the bulk 76SF00098. H. S. acknowledges financial support from the
and shear moduli we calculated indicate that the structur8erkeley Scholar Program funded by a generous contribution
should be softer than-BN. The calculated electronic band from the Tang Family Foundation, the Research Fund for the
structures and electron density of states ofdH&C,N struc-  Doctoral Program of Higher Education of China, and the
tures suggest that the low-denst3BC,N phase synthesized Climbing (Pan-Deng Program of the Chinese National
by Solozhenkoet al* has very different electronic band Committee of Science.

ACKNOWLEDGMENTS

1s. Nakano, M. Akaishi, T. Sasaki, and S. Yamaoka, Chem. Mater°D.M. Ceperley and B.J. Alder, Phys. Rev. Let6, 566 (1980.

6, 2246(1994. M.L. Cohen, Phys. SciT1, 5 (1982.
2E. Knittle, R.B. Kaner, R. Jeanloz, and M.L. Cohen, Phys. Rev. B1?B G. Pfrommer, M. Ct&, S.G. Louie, and M.L. Cohen, J. Com-
51, 12 149(1995. put. Phys.131, 233(1997.
3T. Komatsu, M. Nomura, Y. Kakudate, and S. Fujiwara, J. Mater.13y; T. Yin, Phys. Rev. B30, 1773(1984.
Chem.6, 1799(1996. 4. Kittel, Introduction to Solid State Physicéth ed.(Wiley, New
V. L. Solozhenko, D. Andrault, G. Fiquet, M. Mezouar, and D. York, 1996, p. 92.
Rubie, Appl. Phys. Lett78, 1385(200. 15M. Grimsditch, E.S. Zouboulis, and A. Polian, J. Appl. Phj8,
*W.R.L. Lambrecht and B. Segall, Phys. Rev4B 9909(1989. 832 (1994,

6Y. Tateyama, T. Ogitsu, K. Kusakabe, S. Tsuneyuki, and S. |t0h16J
Phys. Rev. B65, R10 161(1997. Mater. 7, 1633(1998.
7J.C. Zheng, C.H.A. Huan, AT.S. Wee, R.Z. Wang, and Y.M.17M L Coh,en Science61, 307 (1993

Zheng, J. Phys.: Condens. Mattkl, 927 (1999. 18 . .
8R.Q. Zhang, K.S. Chan, H.F. Cheung, and S.T. Lee, Appl. Phys. A1\7(6I(_)|2119F;£;/I Wentzcovitch, and M.L. Cohen, Phys. Rev.38,

Lett. 75, 2259(1999. 19 .
23, hm, A. Zunger, and M.L. Cohen, J. Phys1@, 4409 (1979. M.S. Hybertsen and S.G. Louie, Phys. Rev38 5390(1986.

. Widany, W.S. Verwoerd, and Th. Frauenheim, Diamond Relat.

094108-6



